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E-mail address: Frank.Weber@bzh.uni-heidelberg.dCircadian clocks allow a temporal coordination and segregation of physiological, metabolic, and
behavioural processes as well as their synchronization with the environmental cycles of day and
night. Circadian regulation thereby provides a vital advantage, improving an organisms’ adaptation
to its environment. The molecular clock can be synchronized with environmental cycles of day and
night, but is able to maintain a self-sustained molecular oscillation also in the absence of environ-
mental stimuli. Interlocked transcriptional-translational feedback loops were shown to form the
basis of circadian clock function in all phyla from bacteria, fungi, plants, insects to humans. More
recently post-translational regulation was identiﬁed to be equally important, if not sufﬁcient for
molecular clock function and accurate timing of circadian transcription. Here we review recent
insights into post-translational timing mechanisms that control the circadian clock, with a particu-
lar focus on Drosophila. Analogous to transcriptional feedback regulation, circadian clock function
in Drosophila appears to rely on inter-connected post-translational timers. Post-translational regu-
lation of clock proteins illustrates mechanisms that allow a precise temporal control of transcrip-
tion factors in general and of circadian transcription in particular.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction different organisms [5–8]. Insulin release [9], as well as the releaseMost organisms do not maintain constant levels of their homeo-
static activities, but they up-regulate physiological, metabolic, and
behavioural processes at speciﬁc times, when needed. A basic
mechanism for temporal regulation is provided by an immediate
signal-induced response, such as glucose induced insulin release
and subsequent insulin-induced glucose metabolism after food up-
take, or growth-factor induced entry into the cell cycle. Differences
in duration and intensity of signals can be sensed by cells and are
able to activate different intra-cellular signalling cascades that may
convey immediate and delayed responses. Signal-induced pro-
cesses may be part of a complex program that controls a tempo-
rally ordered series of individual events. Prominent examples for
such timing programs are the cell cycle and development. Once a
cell enters the cell cycle, a cascade of cyclin expression and check
point regulation ensures the accurate progression through a tem-
porally controlled sequence of events, from DNA replication
through mitosis.
Interestingly many of the signal-induced processes and timing
programs are not initiated randomly over the course of a day,
but they are rather activated at speciﬁc times [1,2]. Mouse liver
cells were found to enter the cell cycle primarily in the evening
[3]. Similarly, DNA-replication oscillates in human bone marrow
[4] and a circadian gating of the cell cycle has been described inchemical Societies. Published by E
e (F. Weber).of many growth factors and hormones, such as thyroid hormone,
cortisol, testosterone or melatonin, oscillates over the course of a
day [10]. Thereby most physiological, metabolic and behavioural
processes, including neuronal activity, liver metabolism and the
sleep-wake cycle show approximately 24-h oscillations with dis-
tinct phases of peak and trough activity. These oscillating physio-
logical activities are synchronized with the environmental cycles
of day and night, but they persist under constant environmental
conditions such as constant darkness. Circadian oscillations are
controlled by a molecular circadian clock, which temporally
orchestrates physiology and behaviour [2,11–15].
The circadian clock represents a unique timing program that
does not only initiate a signal-, e.g. light-, induced sequence of
events, but is able to maintain a self-sustained and auto-regulated
molecular oscillation in the absence of environmental cues. The
rhythmic regulation of genome-wide transcription, protein stabil-
ity, and activity – particularly of key regulatory factors – couples
most homeostatic functions to the molecular oscillation of the cir-
cadian clock, which thereby serves as a temporal master-organizer
of physiology.
The homologous clockwork in Drosophila and mammals is
formed by a set of transcription factors that control each others
cyclic expression through transcriptional-translational feedback
loops. There are several reviews on the genetic basis of the
Drosophila circadian clock ([2,11,12,16–19] see in this issue the
accompanying review by Peschel and Helfrich-Förster), which is
therefore only brieﬂy summarized here. The heterodimericlsevier B.V. All rights reserved.
1444 F. Weber et al. / FEBS Letters 585 (2011) 1443–1449complex of the two transcription factors CLOCK (CLK) and CYCLE
(CYC) forms the core oscillating activity of the circadian clock in
Drosophila, which activates its own repressors timeless (tim) and
period (per). PER and TIM form heterodimeric complexes them-
selves that accumulate during night, migrate into the nucleus,
where they bind and inhibit CLK/CYC. PER/TIM thereby forms the
central negative feedback loop of the circadian clock in Drosophila.
This loop is interconnected to a second feedback loop, in which
CLK/CYC activates the transcription of vrille (vri) and Par-domain
protein 1e (Pdp1e) [20]. VRI acts as a repressor on Clk transcription
[21], while PDP1e allows activation of Clk expression a few hours
later [20], resulting in high amplitude oscillations of Clk transcript
levels that peak towards the end of the night [22]. More recently an
additional feedback loop has been identiﬁed, which involves the
CLK/CYC-activated gene clockwork orange (cwo) [23–26]. CWO
feeds back on circadian transcription by binding and inhibition of
CLK/CYC-responsive E-box elements in the promoters of clock con-
trolled genes. Analogous transcriptional feedback loops are
thought to form the basis of circadian clock function also in other
organisms including cyanobacteria, fungi, plants and mammals
([13,14,27,28] see in this issue accompanying reviews by Matsuo
and Ishiura, McWatters and Devlin, Vatine et al. and by Ripperger
et al.).
Surprisingly, puriﬁed cyanobacterial clock proteins KaiA, KaiB
and KaiC showed self-sustained 24-h rhythms of KaiC phos-
phorylation and dephosphorylation in vitro, in the absence of
transcription and translation [29]. This ﬁnding demonstrated
that at least in prokaryotes transcriptional feedback regulation
is not essential for molecular oscillations. Similar circadian
rhythms in the abundance of the reduced and oxidised forms
of peroxiredoxins and NAD(P) were observed ex vivo in red blood
cells, which are denucleated cells [30]. These rhythms demon-
strate a metabolic 24-h redox-cycle that is independent of
transcription and likely able to operate independent of what is
considered the canonical circadian clock.
Although rhythmic transcription appears to be required for
canonical clock function in higher eukaryotes, cyclic post-trans-
lational modiﬁcation of clock proteins is equally important for
molecular clock oscillations and accurate timing of circadian
transcription in Drosophila and mammals ([11,31,32] see in this
issue accompanying reviews by Reischl and Kramer and by
Zhang et al.). Mutagenesis of speciﬁc phosphorylation sites
in clock proteins [33,34] or of clock protein kinases and
phosphatases [35–40] cause a loss of molecular oscillations or
alter the period length of free running rhythms. These observa-
tions demonstrate that speciﬁc post-translational modiﬁcations
of clock proteins carry timing information for circadian oscilla-
tions. Understanding the post-translational regulation of clock
proteins provides important insights into the molecular timing
mechanisms that synchronize genome-wide transcription and
physiology in a circadian fashion, and in addition reveals insights
into temporal regulation of transcription factors in general.2. Post-translational timing in the negative limb of the
circadian clock
Shortly after the cloning of the ﬁrst two clock genes per and tim,
it was shown that their products are phosphoproteins [36,41,42].
Not only total protein, but also phosphorylation levels oscillate
over the course of a day, implying a crucial role of post-transla-
tional modiﬁcations for the regulation of these proteins. This
expectation was supported by the ﬁnding that constitutive expres-
sion of per or tim is able to partially rescue behavioural and molec-
ular oscillations [43]. After two decades of research the following
scheme of PER and TIM regulation emerged (Fig. 1):CLK/CYC activates per and tim transcription in the evening start-
ing prior to sunset and reaching a maximum during the early night
[22]. PER and TIM proteins accumulate only after sunset, due to a
rapid light-induced degradation of TIM and the instability of PER
in the absence of TIM [44–46]. Light is perceived by the circadian
photoreceptor CRYPTOCHROME (CRY) [47], which is a ﬂavoprotein
[48] expressed in most circadian tissues [49]. The CRY bound ﬂavin
(FAD) undergoes a light-induced photoreduction that is reversible
in darkness, giving rise to a redox-cycle between the oxidised form
of FAD in the dark and the radical (FAD) or reduced form (FADH-)
after exposure to blue light [48,50]. This redox-cycle is accompa-
nied by conformational changes that allow an interaction between
TIM and the light-form of CRY [50–52]. Since CRY interacts with
glycogen synthase kinase 3 (GSK3, in Drosophila shaggy (sgg)), light
is able to trigger a CRY-mediated phosphorylation of TIM by GSK3
[53], which targets TIM as well as CRY into proteasomal degrada-
tion [52–54]. Light-mediated degradation of TIM and CRY involves
the E3-ubiquitin ligase JETLAG (JET) [55,56]. After synthesis, PER is
rapidly phosphorylated by the casein kinase Ie homolog DOUBLE-
TIME (DBT) [34,35]. Although DBT causes hyper-phosphorylation
of PER, it is the phosphorylation of speciﬁc residues in a short ser-
ine-rich motive, including the crucial residue serine 47 that targets
PER into proteasomal degradation [34]. Similarly the phosphoryla-
tion state of serine 589 was shown to control PER stability and
activity by providing a phosphorylation switch that controls
subsequent phosphorylation events [33], possibly including phos-
phorylation of S47. Phosphorylated S589 inhibits subsequent
DBT-mediated phosphorylation of PER, producing a hypo-
phosphorylated, more stable, but less active transcriptional inhib-
itor. In contrast, dephosphorylation of S589 promotes subsequent
DBT-mediated phosphorylation of PER that produces a phosphory-
lated, less stable, but more active transcriptional inhibitor. These
ﬁndings show that it is the modiﬁcation of speciﬁc residues, rather
than hyper-phosphorylation, which controls speciﬁc events.
Different phosphorylation sites may perform redundant functions
and the poly-phosphorylation of these sites may irreversibly escort
the PER protein from one to the next step in its life cycle. Phosphor-
ylation of speciﬁc sites appears to be organized in a hierarchical
manner, since GSK3-dependent phosphorylation of serine 661
was found to affect nuclear localization, but not stability, of PER
[57]. Phosphorylated S661 promotes nuclear accumulation, as well
as subsequent hyper-phosphorylation of PER, suggesting that S661
serves as a priming site for subsequent phosphorylation events
[57].
After sunset TIM is able to accumulate and stabilize PER by the
formation of heterodimeric complexes that ﬁrst accumulate in the
cytoplasm [44–46]. Studies on the role of TIM for nuclear localiza-
tion of PER fostered a deeper understanding of regulated accumu-
lation and subcellular transport of the circadian inhibitors. While
PER is able to enter the nucleus independent of TIM [58,59], its ra-
pid phosphorylation by DBT prevents an efﬁcient accumulation
and nuclear localization in the absence of its heterodimerization
partner [60,61]. DBT-mediated phosphorylation not only targets
PER into degradation, but also inhibits nuclear import [58]. On
the other hand phosphorylation of PER by casein kinase II (CKII)
appears to be important for nuclear localization [37,38]. Nuclear
import therefore requires a speciﬁc phosphorylation state of PER
that is formed by kinase-mediated phosphorylation and partial
protein phosphatase 2A (PP2A)-mediated dephosphorylation [40].
Similar to PP2A also protein phosphatase 1 (PP1) contributes to
PER de-phosphorylation [39]. Although both phosphatases stabi-
lize PER, they appear to perform distinct functions, with PP2A
being particularly important for nuclear translocation and PP1 reg-
ulating stability of PER. De-phosphorylation of PER by PP1, but not
by PP2A, depends on TIM, which is a substrate of PP1 itself [39],
suggesting an important role of PP1 in the regulation of PER/TIM
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Fig. 1. A post-translational repressor-timer. The life cycle of inhibitors PER and TIM is controlled by speciﬁc post-translational modiﬁcations. (I) In light, PER and TIM are
rapidly degraded. (II) Only in the dark PER/TIM complexes accumulate in the cytoplasm. (III) Nuclear PER precedes the nuclear accumulation of TIM and allows an on-DNA
inhibition of chromatin bound CLK/CYC. (IV) Nuclear PER likely retains TIM inside the nucleus facilitating the nuclear accumulation of PER/TIM complexes until TIM is
degraded in the morning. (V) PER-mediated off-DNA inhibition of CLK prevents the restart of circadian transcription until evening, when nuclear PER has been degraded
during daytime.
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cient nuclear accumulation of PER/TIM as well [36]. Analysis of
PER/TIM interaction and sub-cellular localization by ﬂuorescence
resonance energy transfer (FRET) in Drosophila cells showed the
accumulation of PER/TIM complexes in cytoplasmic foci [62].
Although the nature of these foci is not known yet, they may rep-
resent large protein complexes that possibly include regulatory
factors of PER/TIM accumulation and nuclear localization, such as
DBT, CKII, GSK3, PP2A and PP1. PER and TIM dissociate from these
foci shortly before they migrate into the nucleus independent of
each other [62]. TIM shuttles rapidly between the nucleus and
the cytoplasm [42], which causes a delayed nuclear accumulation
of TIM compared to PER [63]. Inside the nucleus PER/TIM com-
plexes form again [62]. With increasing nuclear accumulation of
PER during the second half of the night, also TIM is retained inside
the nucleus likely by the formation of PER/TIM complexes, leading
to the nuclear accumulation of both inhibitors [42,63]. Nuclear het-
erodimerization extends the lifetime of PER and TIM, but reduces
the transcriptional inhibitor activity [64]. Inhibition of circadian
transcription is mediated by PER [58,59,64–66], which recruits
DBT and possibly other kinases into a complex of chromatin-bound
CLK/CYC [66,67]. PER thereby promotes the phosphorylation of
chromatin-bound CLK and causes an inhibition and degradation
of the circadian activator [66,68,69]. This on-DNA repressor activ-
ity of PER appears to be the main action of PER during the early
night [70]. Subsequently, PER also inhibits ‘free’ CLK by an off-
DNA inhibition [70]. Due to the off-DNA repression, nuclear PER
forms an inhibitor buffer that prevents the restart of circadian
transcription for several hours until evening [65,70].
Negative feed-back of PER/TIM causes a decline in their tran-
script levels about 6 h before their protein concentrations peak.
Remarkably low amounts of PER are therefore sufﬁcient to allow
repression of CLK/CYC, suggesting that at least the active on-DNAinhibitor species is a rather minor fraction of total PER protein.
Sunrise triggers, as summarized at the beginning of this chapter, a
rapid CRY-mediated, proteasomal degradation of TIM by the E3-
ubiquitin ligase JET. Nuclear PER is more stable in the absence of
TIM than cytoplasmic PER, and remains to inhibit CLK/CYC-depen-
dent transcription until evening [65]. Light-induced degradation
of TIM resets the molecular circadian clock and synchronizes its
oscillation with the environmental cycles of day and night.
The circadian clock is however able to maintain a self-sustained
molecular oscillation in the absence of environmental cues, such as
in constant darkness. Under these conditions PER and TIM are de-
graded slower than in light by a pathway that involves the E3-
ubiquitin ligase SLIMB [71,72].
The summarized studies outline a post-translational regulation
of the PER/TIM life cycle from cytoplasmic accumulation at the
beginning of the night, followed by nuclear entry, on-DNA inhibi-
tion of CLK/CYC, formation of an off-DNA inhibitor buffer, and ﬁ-
nally degradation of the inhibitor during daytime (Fig. 1). It is
important to point out that each step is temporally resolved to spe-
ciﬁc times of a circadian cycle. The progressive formation of spe-
ciﬁc phosphorylation states that control each event in the PER/
TIM life cycle constitutes an interval-timer of the circadian clock
that is crucial for the assembly and temporal regulation of a free
running 24-h oscillator.
Many aspects of the PER/TIM-based timing mechanism remain
however poorly understood. The nature and function of the PER
and TIM containing cytoplasmic foci [62] is unknown. Identifying
the factors that assemble these sites may provide important in-
sights into temporally regulated nuclear import. Since GSK3 was
implicated in nuclear localization of PER/TIM [36], as well as in
CRY-mediated degradation of TIM [73], CRY/GSK3 may play dis-
tinct roles for accumulation of nuclear PER/TIM in the evening
and light-induced degradation of TIM in the morning. In addition,
1446 F. Weber et al. / FEBS Letters 585 (2011) 1443–1449activation and repression of circadian transcription were shown to
be associated with circadian cycles of histone acetylation and
methylation of clock controlled promoter regions [68,74–76].
Mammalian PER was found to associate with a subunit of his-
tone-methyltransferase complexes [77], which prompts the ques-
tion of how PER mechanistically inhibits circadian transcription.
Does PER mainly act through recruitment of kinases into a complex
of chromatin-bound CLK/CYC, promoting the phosphorylation,
inhibition and degradation of CLK, and/or does PER inhibit circa-
dian transcription by promoting chromatin remodelling? Answer-
ing these questions will be very important to understand the
regulation of circadian transcription.3. Post-translational timing of the positive element of the
circadian clock
The inhibitors PER/TIM contribute to the post-translational reg-
ulation of CLK and CYC, which ultimately form the core oscillating
activity of the circadian clock. CLK/CYC controls genome-wide
transcription of many key-regulatory factors and thereby organizes
most metabolic and physiological processes in a rhythmic fashion.
Despite the central function that CLK and CYC perform for circa-
dian regulation, surprisingly little is known about their post-
translational control. CLK is a phosphoprotein and phosphorylation
states oscillate over the course of a day [78], similar to its inhibitor
PER. Clk transcription oscillates as well, with a peak towards the
end of the night [22]. Expression of Clk from a per-promoter in
anti-phase to its endogenous proﬁle is however able to rescue
circadian rhythms [79], suggesting that cyclic Clk expression may
enhance the robustness of molecular oscillations, but post-
translational regulation of CLK is crucial for clock function and
timing. Despite the high amplitude oscillations in Clk transcript
levels, total amounts of CLK protein show rather weak rhythms
[80,81], which may hint to a coupling of CLK degradation and
new protein synthesis from one to the next circadian cycle in the
morning. Previous investigations shed further light on the post-
translational regulation of CLK, suggesting a circadian timing
mechanism that is based on a sequential and compartment-
speciﬁc phosphorylation of the CLK protein [80] (Fig. 2).
CLK synthesis presumably peaks in the morning, when Clk tran-
script levels are high [22]. Newly synthesized CLK is hypo-
phosphorylated in the cytoplasm and shuttles rapidly between
the cytoplasm and the nucleus [80]. In cell culture heterodimeriza-
tion between CLK and CYC was not only found in the nucleus,
where they activate circadian transcription, but also in the cyto-
plasm, where CYC promotes hypo-phosphorylation of the CLK pro-
tein [82]. The function of cytoplasmic CLK/CYC interaction and
hypo-phosphorylation of CLK is not known yet, but the enhanced
nuclear accumulation of CLK in the presence of CYC suggests a role
for nuclear import and/or retention [80,83–85]. Inside the nucleus
CLK was found to localize to nuclear foci [80,86], which likely rep-
resent a storage form of the transcription factor, because homoge-
neously distributed nuclear CLK appears to activate transcription
[80]. The mammalian CYC homolog BMAL1, similarly localizes to
sub-nuclear compartments, which were shown to represent PML-
nuclear bodies [87,88]. As many other proteins that localize to
these subnuclear sites, BMAL1 is SUMOylated, a modiﬁcation that
destabilizes the circadian activator [87,88]. SUMOylation has so
far not been reported for Drosophila CLK. The BMAL1 homolog of
Drosophila, CYC, has however not been found to localize to subnu-
clear-compartments, suggesting that Drosophila CLK and mamma-
lian BMAL1 are regulated in a similar fashion. This interpretation is
in line with the observation that Clk, but not cyc expression oscil-
lates in Drosophila,while in mammals BMAL1 but not Clk transcrip-
tion is rhythmic.Inside the nucleus CLK is further phosphorylated to an interme-
diate phosphorylation state, which correlates with the activation of
circadian transcription in the evening [78,80,89]. In addition,
homogeneously distributed nuclear CLK appears to represent the
transcriptionally active form, which is likely a minor fraction of to-
tal CLK protein [80]. So far it is not known how the transcriptional
activity of CLK is controlled. In cell culture, cyclic nucleotide-
dependent PKA, calcium-dependent CaMKII and Ras/MAPK
pathways contribute to the activation of CLK/CYC-mediated tran-
scription [90]. CaMKII and MAPK are able to phosphorylate CLK
in vitro [90]. While in vivo studies implicated MAPK more speciﬁ-
cally in the regulation of circadian behavioural output [91], cyclic
nucleotide and calcium signalling were shown to affect core oscil-
lator function [92,93]. In addition to direct effects on CLK phos-
phorylation, these signalling pathways are well known regulators
of the transcription co-activator CREB-binding protein (CBP) [94],
which is important for co-activation of CLK/CYC-dependent tran-
scription in mammals and in Drosophila [75,95]. The regulation of
CLK and CBP by kinase signalling opens interesting perspectives
on cross-talk between circadian and cellular signalling pathways
that is likely important for the temporal coordination of circadian
transcription and physiology.
In addition to SUMOylation and phosphorylation, mammalian
CLK was shown to harbour acetyl-transferase activity [96]. Based
on homology, this function is likely conserved in Drosophila CLK.
Acetylation of BMAL1 by mammalian CLK is important for inhibi-
tion of circadian transcription [97]. In addition to CLK also the
co-activator CBP is a histone-acetyl transferase. CLK, CBP and pos-
sibly other co-factors may be responsible for rhythmic chromatin
modiﬁcations that accompany the activation and repression of cir-
cadian transcription in mammals and Drosophila [68,74,75].
Towards the end of the night CLK accumulates in a hyperphos-
phorylated state, which correlates with PER-mediated inhibition of
CLK/CYC-dependent transcription [78]. Indeed, PER was shown to
mediate DBT-dependent rhythms in phosphorylation and
DNA-binding of CLK [66]. PER recruits DBT into a complex with
chromatin-bound CLK/CYC, which causes dissociation of the CLK/
CYC-complex from DNA as well as hyper-phosphorylation and
sub-sequent degradation of CLK [66,69]. It has been suggested that
DBT may not, or not only act as a CLK kinase, but as an interaction
site that allows other kinases to contribute to CLK phosphorylation
[67]. Hyper-phosphorylated CLK accumulates in the nucleus, but
nuclear exit enhances the post-translational modiﬁcation of the
CLK protein [80]. Since CLK is signiﬁcantly more stable in the nu-
cleus than in the cytoplasm, nuclear export appears to be required
for degradation of the circadian activator [80]. The HECT-domain
E3-ubiquitin ligase Circadian Thyroid hormone Receptor-Interact-
ing Protein 12 (CTRIP) destabilizes CLK protein, targeting CLK into
proteasomal degradation [98]. Interestingly, rendering the consen-
sus nuclear localization signal of CLK non-functional prevents hy-
per-phosphorylation and nuclear accumulation of CLK and results
in a rapid degradation of the hypo-phosphorylated cytoplasmic
protein [80]. This ﬁnding suggests that transit through the nucleus
and the accompanying post-translational modiﬁcation is not re-
quired for efﬁcient degradation, but rather speciﬁc cytoplasmic
modiﬁcations target CLK into degradation. CLK is thereby either
stabilized by nuclear localization, or it is degraded in the cyto-
plasm. Such regulation provides an explanation for the observation
that CLK is largely nuclear throughout a circadian cycle [80,81].
Since CLK shuttles rapidly between the nucleus and the cyctoplasm
and CYC appears to be important for nuclear accumulation of CLK,
it will be interesting to further investigate the role of CYC for accu-
mulation and turn-over of the CLK protein.
The outlined post-translational regulation of CLK suggests a
timing mechanism of the circadian clock, by which each time point
of a circadian cycle is characterized and possibly deﬁned by a
IV)
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Fig. 2. A post-translational activator-timer. The life-cycle of the CLK protein is controlled by sequential phosphorylation and speciﬁc sub-cellular localization. (I) In the
morning newly synthesized CLK is hypo-phosphorylated in the cytoplasm and shuttles rapidly between the nucleus and the cytoplasm. Nuclear accumulation is enhanced by
CYC. (II) Inside the nucleus CLK localizes to speciﬁc sub-nuclear compartments, likely in a SUMO-dependent manner, as suggested by analogy to the mammalian system. (III)
Circadian transcription is activated in the evening likely by homogeneously distributed nuclear CLK/CYC. (IV) During night, PER mediates an on-DNA and off-DNA inhibition
of CLK/CYC, which is accompanied by hyper-phosphorylation of the CLK protein. (V) In the morning CLK is degraded in the cytoplasm.
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tion state of the CLK protein [80] (Fig. 2). Although very likely, for-
mal prove that post-translational CLK modiﬁcation deﬁnes
circadian time in Drosophila is still missing. Further investigations
are needed to link the post-translational state of CLK to its timing
function, e.g., by mutagenesis of a speciﬁc phosphorylation site.
Mutagenesis of the BMAL1 SUMOylation and acetylation sites
[87,88,97] were shown to affect molecular oscillations, demon-
strating that post-translational modiﬁcation of CLK/BMAL1 regu-
lates the circadian clock.
Similar post-translational timing mechanisms were described
in other organisms, such as cyanobacteria and fungi [29,99].
Cyanobacterial KaiC undergoes a phosphorylation/dephosphoryla-
tion cycle that can be reconstituted in a test tube in the absence of
transcription/translation, stressing the importance of post-transla-
tional rhythms for clock function in bacteria [29]. Since translation
of new KaiC is not necessary for molecular oscillations, KaiC is
recycled by de-phosphorylation. Similarly, FEQUENCY-mediated
inhibition of the white collar (wc) transcriptional activator complex
(WCC) in Neurospora involves phosphorylation of WCC ([99] see in
this issue the accompanying review by Diernfellner and
Schafmeier). The WCC can however be recycled after PP2A-
dependent de-phosphorylation [99]. So far it is not known to what
extend Drosophila and mammalian CLK and CYC proteins are recy-
cled by de-phosphorylation or replaced by new protein from one
circadian cycle to the next.
Post-translational regulation of CLK/CYC includes modiﬁcations
by phosphorylation, SUMOylation, acetylation and ubiquitination.
The speciﬁc function of these modiﬁcations for the regulation of
accumulation, nucleo-cytoplasmic transport, sub-nuclear distribu-
tion, transcriptional activation/inhibition and ﬁnally degradation
are however largely unknown. In addition, CLK modifying enzymes
as well as subcellular and subnuclear transport factors remain lar-
gely elusive. Therefore, further research will be necessary to unra-vel the post-translational regulation of CLK/CYC, which is likely to
provide insights into a core post-translational timing mechanism
that controls circadian transcription and physiology.
4. Post-translational oscillators beyond the canonical clock
Post-translational regulation of clock protein activation and
inhibition is an essential component of circadian clock function
in all organisms. In higher eukaryotes transcriptional regulation
appears however to be required for circadian clock oscillations,
likely because clock proteins are turned over from one circadian
cycle to the next. Recent analysis in human red blood cells made
however the surprising discovery of circadian, 24-h oscillations
in the absence of transcription [30]. Peroxiredoxins were shown
to oscillate between reduced and oxidised forms in a circadian pat-
tern. These post-translational rhythms showed hall-mark features
of circadian oscillators, as they were temperature compensated,
which means that they maintained an approximately constant per-
iod-length of about 24 h over a physiological temperature range,
and the oscillations could be entrained by temperature cycles.
These redox cycles correlated with 24-h oscillations in the abun-
dance of reduced and oxidised forms of NAD(P) [30], which indi-
cated the existence of a self-sustained circadian metabolic
oscillator that is able to operate in the absence of transcription
and possibly independent of the canonical circadian clock. Self-
sustained metabolic oscillations of peroxiredoxin redox forms in
the absence of transcription were also observed in the eukaryotic
alga Osteococcus tauri, [100]. In Drosophila a metabolic oscillator
has not yet been reported. The conservation of peroxiredoxins
and the components involved in NAD(P) metabolism raise however
the expectation that similar metabolic oscillations may exist in
Drosophila and most other organisms.
Metabolic oscillations and their cross-talk with the circadian
clock have been described earlier [101,102]. The ﬁnding of a circa-
1448 F. Weber et al. / FEBS Letters 585 (2011) 1443–1449dian metabolic oscillator that is independent of transcription and
therefore likely independent of the canonical circadian clock pro-
vides a new perspective on this cross-talk. It will be very interest-
ing to further elucidate the interdependence and speciﬁc impact of
the metabolic and circadian oscillators on the coordination and
synchronization of genome-wide transcription, physiology and
behaviour.
5. Conclusion
The interlocked post-translational regulation of the life cycle of
clock proteins provides timing mechanisms that are essential for
circadian clock function and accurate timing of circadian transcrip-
tion. In addition, the canonical circadian clock cross-talks with a
circadian metabolic oscillator, enforcing a temporal coordination
of physiology. The precise regulation of clock protein accumula-
tion, sub-cellular trafﬁcking, activation, inactivation, and ﬁnally
degradation involves a cascade of speciﬁc co-factor and chromatin
interactions, as well as modiﬁcations by phosphorylation, acetyla-
tion, SUMOylation and ubiquitination. Further research will be
necessary to unravel how a deﬁned sequence of interactions and
speciﬁc modiﬁcations allows a precise temporal regulation of clock
proteins thereby facilitating an accurate temporal orchestration of
transcription, physiology, and behaviour.
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